ABSTRACT. An integrated lithologic, paleontologic, and multi-proxy geochemical study of the Middle Devonian Oatka Creek Formation, a black shale in the northern Appalachian Basin, indicates that a number of different factors contributed to organic carbon-rich black shale deposition. Conditions leading to this organic-rich sedimentary deposit were ultimately controlled by a relative sealevel rise, dominantly eustatic but with possible contributions from local tectonics, which cut off the supply of carbonate to the basin. Geochemical proxy evidence -such as Mo/Ti, Fe/Ti, C org , S py , and ␦ 34 S py -suggests that as sealevel continued to rise after the carbonate supply was cut off, a threshold was crossed at which point conditions in the basin shifted from dominantly anoxic to dominantly euxinic (anoxic-sulfidic bottom waters). Concurrent with the shift to dominantly euxinic conditions, the supply of siliciclastic sediments was cut off, resulting in a condensed horizon, as evidenced by the elemental ratios of Si/Al and K/(Fe؉Mg) and the relative concentration of eolian silt as determined petrographically and from scanning electron microscopy. Sediment starvation in the basin appears to have facilitated the biogeochemical (re)cycling of C, N, and P. Specifically, the elemental ratios of C, N, and P and the stable carbon isotope composition of organic matter suggest that the preferential regeneration of P under anoxic conditions (and of N during the oxic phase of oxic/anoxic oscillation) led to enhanced primary production in surface waters, thereby maintaining euxinic conditions in the bottom waters through respiration of settling organic matter. Finally, it is observed that, though conditions in the basin seem to have remained consistently anoxic-sulfidic for some time after the initial shift to euxinic conditions, a progressive increase in siliciclastic sedimentation led to a corresponding decrease in the enrichment of various redoxrelated elements, illustrating the overriding control that sedimentation can have on geochemical proxy records.
tion in the overlying water column. In the productivity model, anoxic conditions are a consequence rather than the cause of organic enrichment. Although little of the available evidence from ancient deposits readily distinguishes between these two models, recent studies have suggested that the "either/or" view is flawed (Arthur and Sageman, 1994; Canfield, 1994; Murphy and others, 2000) . For example, variations in rates of subsidence and relative sealevel and the subsequent changes in sediment grain size, sedimentation rate, and oceanographic circulation as well as changes in biogeochemical cycling are now recognized as important contributing factors in the accumulation of organic-rich deposits (Tyson and Pearson, 1991; Arthur and Sageman, 1994; Canfield, 1994; Hedges and Keil, 1995; Ingall and Jahnke, 1997; Murphy and others, 2000) .
In this study we have employed an integrated, multi-proxy approach to study the Middle Devonian Oatka Creek Formation of the lower Hamilton Group-traditionally considered a classic example of the "preservation" endmember reflecting deposition in a stagnant, euxinic basin (Byers, 1977; Ettensohn, 1992) . The large number of possible factors affecting the deposition of black shales, however, suggests that multiple dependent and independent processes (biological, physical, and chemical) may have contributed to the deposition of the Oatka Creek Formation. Here, we have integrated lithologic, paleontologic, and geochemical observations to assess the relative influences of the different processes and conditions related to the deposition of this black shale. Because most geochemical parameters are influenced by more than one process, multiple geochemical proxies are used to identify the dominant processes within a given depositional system. The data used in this study fall into three fundamental groups: (1) proxies associated with the deposition of biogenically produced carbonate, (2) proxies associated with the flux of siliciclastic materials from riverine and eolian inputs, and (3) proxies associated with the accumulation of authigenic/diagenetic mineral phases reflecting temporal and spatial variability in redox conditions and related microbial activities.
Our data suggest that the Oatka Creek Formation was deposited under euxinic conditions (anoxic, sulfidic bottom waters) but not necessarily beneath a permanent pycnocline. Furthermore, other conditions and processes contributed to the development and maintenance of euxinic conditions in the basin, such as sediment starvation, enhanced primary productivity, and biogeochemical feedbacks on nutrient cycling.
geological background
Paleogeography, climate, tectonics, and sealevel.-The central Appalachian basin is believed to have occupied a position in the southern subtropics (15-30°S) during deposition of the Oatka Creek Formation (Witzke and Heckel, 1988; Scotese and McKerrow, 1990) . Recent reconstructions place the basin in the path of easterly trade winds carrying moisture from the Iapetus Ocean, but the Acadian Orogen likely formed a major rainshadow (Woodrow, 1985) resulting in a seasonally variable, arid to semi-arid climate that was subject to intense storms (possibly monsoons) (Woodrow, Fletcher, and Ahrnsbrak, 1973; Heckel and Witzke, 1979; Scotese, Barrett, and Van der Voo, 1985; Woodrow, 1985; Witzke and Heckel, 1988; Witzke, 1990) . Deposits of the Hamilton Group show abundant evidence for the influence of storm events in nearshore (Woodrow, 1985; Slingerland and Loulé, 1988; Prave, Duke, and Slattery, 1996) and offshore (Brett, Baird, and Miller, 1986; McCollom, 1988) facies.
In a series of papers, Ettensohn (1985a, b) and Ettensohn and others (1988) developed a comprehensive tectono-stratigraphic model for the Appalachian basin that synthesized many previous studies (see fig. 1 ). The model by Ettensohn (1985a, b) and Ettensohn and others (1988) argued for three to four major phases of southward migrating deformation in the Acadian orogeny (Boucot and others, 1964; Rodgers, 1967; Johnson, 1971) . Ettensohn (1985a, b) interpreted these phases of deformation as tectono-stratigraphic cycles of subsidence in the foreland basin (Quinlan and Beaumont, 1984) followed by filling of the basin with sediments as the uplifted orogen was eroded. In this model the shales are the deep-basin equivalents of the Catskill Delta complex. Each cycle, or tectophase, of Ettensohn (1985a, b) and Ettensohn and others Fig. 1 . Geologic setting for study of Oatka Creek Formation in Akzo core #9455: figure modified from Murphy and others (2000 and references therein) shows regional stratigraphy for Hamilton Group (Ono.ϭOnondaga Limestone, USϭUnion springs Shale, Tul.ϭTully Limestone, Gso.ϭGeneseo Shale, P.Y.ϭPenn Yan Shale, W.R.ϭWest River Shale), relative sealevel interpretation based on lithofacies (blkϭblack shales, dkgyϭdark gray shales, lsϭbioclastic limestones) and biofacies (Brett and Baird, 1994) , and subsidence history based on tectophase model of Ettensohn (1985a, b) (actϭactive, quϭquiescent; PBϭperipheral bulge, FDϭforedeep; dashed line in cross sections indicates pycnocline). The map on lower left illustrates inferred paleoshoreline and generalized facies belts for early Givetian time relative to New York State outline (based on Woodrow, 1985; Dennison, 1985) ; transition from solid to dashed shoreline marks limit of preserved Devonian strata. Biozones from Klapper (1981) and Klapper and Johnson (1990) . Eustatic rise events (Id through IIa) of Johnson and Sandberg (1988) .
(1988) is represented by a distinctive stratigraphic sequence characterized by shallowwater carbonates overlain by transgressive black mudstones, deposited under anoxic conditions beneath a "nearly permanent" pycnocline, such as the Oatka Creek Formation. These black shales are in turn overlain by increasingly clastic-rich units ranging from sandstones in proximal areas to gray mudrocks in more distal areas, ultimately covered by carbonate rocks (Ettensohn, 1985a, b; Ettensohn and others, 1988) . The comprehensive framework of this model ( fig. 1) links the large-scale tectonic history of the Appalachian basin with an oceanographic-sedimentologic mechanism to account for high accumulation of OM in units like the Oatka Creek Formation. Although the general relationships remain applicable, alternative interpretations for two major aspects of the model should be reconsidered in light of more recent work.
The first alternative interpretation of the model concerns Acadian orogenesis and its relationship to basin subsidence, sealevel, and stratigraphic architecture. HamiltonSmith (1993) noted that a relatively conformable section spanning from the Onondaga Limestone into the lower Hamilton Group ( fig.1 ) argues against a peripheral bulge uplift associated with Oatka Creek deposition, thereby weakening the case for tectonically driven subsidence at this time as originally proposed by Ettensohn (1985a,b) and Ettensohn and others (1988) . Alternatively, a eustatic sealevel rise documented at the Eifelian-Givetian boundary (Hallam, 1984; Johnson and Sandberg, 1988) could account for increasing accommodation and deposition of the Oatka Creek black shale. The evidence for tectonic influence on basin subsidence is much stronger for Tectophase III (corresponding to deposition of the Geneseo Shale, fig. 1 ; HamiltonSmith, 1993 ), yet a eustatic rise is also interpreted for this event (Hallam, 1984; Johnson and Sandberg, 1988) . Although these observations of combined tectoniceustatic controls are consistent with Ettensohn's (1985a,b) conclusion that the Geneseo Shale represents a deeper stratified basin than the Oatka Creek Formation, recent results contradict this view (Murphy and others, 2000) .
The second major challenge to the Ettensohn model concerns water-column stratification. Despite the absence of direct observational evidence confirming the presence of a "nearly permanent" pycnocline in the basin as proposed by Ettensohn (1985a) , water-column stratification has been a solid fixture in the Devonian literature since the 1970's. For example, Byers (1977) used the Black Sea as a depositional analog for euxinic basins. Baird and Brett (1986) produced the only indirect observations in support of a pycnocline when they interpreted winnowed zones on the basin margin to reflect the erosive effects of internal waves that propagated along the pycnocline and ultimately intersected the seafloor; however, such features are inadequately explained and quite limited in stratigraphic occurrence. In recent years, the Black Sea-based pycnocline model, once the favored interpretation for most epeiric black shale deposits, has been increasingly questioned due to: (1) the difficulty inherent in sustaining water-column stratification in open marine systems, especially in light of evidence for frequent mixing by storms; (2) the recognition that in modern marine environments the most common cause of density stratification is the temporary development of a seasonal thermocline rather than permanent stratification (Tyson and Pearson, 1991) ; and (3) evidence suggesting that OM accumulation may be due to enhanced productivity rather than stable stratification (Pedersen and Calvert, 1990) . A major objective of the present study is to investigate alternative hypotheses for enhanced OM burial in black shale facies of the Appalachian Basin.
Lithostratigraphy and biostratigraphy.-The Oatka Creek Formation, one of the most organic carbon-rich units in the Middle to Upper Devonian section of western New York, appears conformable in the study area. This unit is part of a thicker black shale interval (the Marcellus Formation) that constitutes the basal Hamilton Group and early Tectophase II (figs. 1 and 2). A recent revision of the stratigraphic nomenclature multiple controls on black shale deposition in the Middle Devonian Oatka Creek Formation Fig. 2(A) fig. 1 ), the focus of the present study, the Union Springs Formation is represented by the 30 cm thick Bakoven Member, a black organic-rich mudstone, and the 10 cm thick Hurley Member, a concretionary, fossiliferous limestone horizon (figs. 1 and 2). The Hurley Member lies in sharp contact with the overlying 35 cm thick bioclastic Cherry Valley Limestone bed. The Cherry Valley Limestone is the informal basal member of the Oatka Creek Formation. It is overlain by three additional informal members: (1) the 170 cm thick Berne Member, an organic-rich mudstone; (2) the 45 cm thick Halihan Hill bed, a bioclastic limestone; and (3) the almost 9 m thick unnamed member, a highly organic-rich silty mudstone (figs. 1 and 2). The Oatka Creek Formation is directly overlain by the Skaneateles Formation, which includes a basal 50 cm thick limestone, the Stafford Member, which is overlain by dark gray, moderately organic-rich mudstones of the Levanna Member. There is no evidence for a significant unconformity at any contact, although many of these units display features of moderate to extreme condensation (for example, hardgrounds).
The interpretation of relative conformity is supported by biostratigraphic data at the level of resolution possible using conodont and ammonoid biozones. These taxa constrain the Eifelian-Givetian boundary within the Marcellus subgroup, but the exact placement of the boundary is debated (Klapper, 1971 (Klapper, , 1981 House, 1978 House, , 1981 Rickard, 1984; Woodrow and others, 1988; House and Kirchgasser, 1993; Kirchgasser and Oliver, 1993) . Nevertheless, evidence for a complete succession of the major conodont and ammonoid indices argues against major stratigraphic gaps (figs. 1 and 2).
methods
Analysis of the Oatka Creek Formation was conducted on a pristine core (Akzo #9455) obtained from the Akzo-Nobel Salt Corporation, Livingston County, New York. The core was slabbed to facilitate lithologic descriptions and subsequently subsampled for petrographic and geochemical analyses. Lithologic units were described at millimeter-to centimeter-scale for physical and paleobiological characterization (rock color, lithology, sedimentary structures, ichnofabric and ichnotaxa, and identifiable macrofossils). The degree of bioturbation was recorded on a seven point scale similar to the scheme proposed by Droser and Bottjer (1986) : well to moderately to poorly laminated, burrowed, and poorly to moderately to highly bioturbated; 1-7, respectively; table 1). Carbonate grain types were divided into three categories (macrofaunal skeletal material, styliolinids, and micrite/calcisilt) based on visual observation of the core face, and their abundances were estimated in terms of percent exposure in the core face surface. Ichnofauna and macrofauna were recorded at generic to species level when possible, otherwise to the lowest determinable taxonomic level. Thin sections were prepared from subsamples representing all facies within the study interval and analyzed using standard petrographic techniques. Selected thin sections were examined at magnification up to 1000x under the scanning electron microscope to characterize individual grain textures and grain surface features. Subsamples for geochemical analysis were collected at 10 to 20 cm intervals. Preparation of these samples included washing with acetone and distilled/deionized water to remove surficial contaminants associated with coring and storage, followed by crushing to Ͻ200 mesh. Powdered samples were then analyzed for a suite of elements and stable isotopes as follows.
Geochemistry
Carbon.-Concentrations of total carbon and total inorganic carbon (IC) were determined using a UIC Carbon Coulometer and bulk-sample combustion and acid digestion, respectively. The average error is less than Ϯ1 percent. Total organic carbon (C org ) was determined by difference. IC was converted to percent carbonate by stoichiometric calculations assuming all inorganic carbon is present as calcium carbonate.
Carbon/nitrogen ratios.-Samples were acidified in 0.1N HCl to remove carbonate for analysis of the atomic ratios of carbon and nitrogen (N org ) in OM. Acidified samples were combusted using a Fisons NA 1500 Elemental Analyzer. C org and N org concentrations were determined from the resulting CO 2 and N 2 gases with a precision of Ϯ2 percent.
Phosphorus.-Phosphorus concentrations were determined by a modified Aspila, Agemian, and Chau (1976) approach (Ingall, Bustin, and Van Cappellen, 1993) . Inorganic phosphorus (phosphate) is determined by digestion in concentrated HCl overnight followed by UV visible spectrophotometry. Total phosphorus is measured by combustion followed by HCl digestion and spectrophotometry, and organic phosphorus is determined by difference. Reproducibility for the P concentration measurements was Ϯ5 percent.
Sulfur.-Concentrations of reduced sulfur were determined by chromium reduction following the method of Canfield and others (1986) , with a reproducibility of Ϯ1.5 percent. The chromium reduction method is specific to total reduced inorganic sulfur (pyrite in the shales of the present study) (Canfield and others, 1986; Lyons, 1997) .
Iron.-Concentrations of pyrite-Fe were calculated from reduced sulfur concentrations assuming a pyrite stoichiometry. Acid soluble Fe (HCl-Fe) was determined by digestion in boiling 12N HCl for 1 m, followed by spectrophotometric quantification Table 1 Ichnofabric scale for core description multiple controls on black shale deposition in the Middle Devonian Oatka Creek Formation (Stookey, 1970; Raiswell, Canfield, and Berner, 1994 ) with a reproducibility of Ϯ3 percent. Total Fe was determined by whole-rock elemental analysis using inductivelycoupled plasma-atomic emission spectrometry (ICP) and a multi-acid digestion (Lichte, Golightly, and Lamothe, 1987) .
Degree-of-pyritization (DOP).
-DOP values were determined to assess iron availability and, by inference, possible relationships to the degree of bottom-water oxygenation of the depositional environment following Raiswell and others (1988) and using the equation:
where pyrite-Fe and HCl-Fe are assumed to account for all the reactive Fe present in the samples. More specifically, "HCl-Fe" has traditionally been treated as the remaining unsulfidized portion of the Fe pool with the potential to react with H 2 S. Traditionally, this "reactive" Fe component is delineated as the fraction of total solid-phase Fe that is readily solubilized during a boiling 12 N HCl distillation for 1 m (Berner, 1970; Raiswell, Canfield, and Berner, 1994) . Recent work has shown, however, that the HCl-soluble fraction includes Fe phases requiring prolonged exposure to dissolved sulfide (Ն 10 2 yr and much greater in some cases) and thus is an overestimation of the most readily reactive Fe (Canfield, Raiswell, and Bottrell, 1992; Raiswell, Canfield, and Berner, 1994; Raiswell and Canfield, 1996) . Furthermore, DOP varies not only as a function of depositional redox conditions but also, as will be discussed below, across temporal and spatial gradients in the rate of siliciclastic sedimentation (Canfield, Lyons, and Raiswell, 1996; Lyons, 1997; Canfield, 1996, 1998; Lyons, Werne, and Hollander, 2002) .
Other elements.-Concentrations of other major, minor, and trace elements (Al, Ba, Ca, Cr, Co, Cu, Fe, Mg, Mo, Ni, P, K, Si, Na, Ti, V, and Zn) were quantified via ICP following multi-acid digestion (Lichte, Golightly, and Lamothe, 1987) , with a precision of better than Ϯ1 percent.
Stable carbon isotopes.-Samples were acidified in 0.1N HCl to remove carbonate carbon for analysis of the stable isotopic composition of carbon in OM (␦ 13 C org ). Samples were then combusted using a Fisons NA 1500 Elemental Analyzer. The isotopic ratios of the resultant CO 2 gas were measured using a continuous flow inlet system linked to a Fisons Optima stable isotope mass spectrometer. Carbon isotope analyses were run in triplicate. Carbon isotope values are reported relative to the VPDB standard using the conventional permil (‰) notation. Standard deviation was generally less than 0.2 permil.
Stable sulfur isotopes.-Isotopic compositions of pyrite sulfur were measured on Ag 2 S precipitates of the sulfide liberated by the chromium reduction method (Newton and others, 1995; Lyons, 1997) . The Ag 2 S precipitate was combusted in the presence of cupric oxide under vacuum to convert to SO 2 and analyzed on a Finnigan MAT Delta E gas source stable isotope ratio mass spectrometer. Sulfur isotopic values are reported as permil (‰) deviations from the S isotope composition of Cañon Diablo troilite (CDT) using the conventional delta (␦ 34 S) notation. Sulfur isotope results were generally reproducible within Ϯ 0.1 to 0.2 permil.
results

Lithofacies
Carbonate and mudrock lithofacies can be defined in the study interval, with subfacies distinguishable based on relative proportions of three major sedimentary components (siliciclastic mud, carbonate mud, and OM) and a group of accessory constituents (fossils, quartz silt, and pyrite).
Carbonates.-Samples with CaCO 3 concentrations greater than 70 percent are defined as limestones ( fig. 2 ). Most carbonate lithotypes in the study interval fall within this category. The limestones are further divisible into a group characterized by mudstone to wackestone textures (Onondaga Limestone and Stafford Member of Skaneateles Formation) and a group with wackestone to packstone or grainstone textures (Hurley Member, Cherry Valley Limestone, and Halihan Hill bed). All limestones range from medium to light gray in color and are fossiliferous and bioturbated. Thin intervals of organic-rich siliciclastic mudstone facies have CaCO 3 contents in excess of 50 percent and are thus defined as marlstones. The carbonate in these organic-rich marlstones is present as abundant coarse to fine shell material and is commonly churned by bioturbation. These units appear transitional between organicrich mudstone and carbonate lithotypes.
Mudrocks.-The mudrock facies range from noncalcareous (Ͻ10 percent CaCO 3 ) to calcareous (10-50 percent CaCO 3 ) ( fig. 2 ). They are generally divisible into black mudstones and gray mudstones based on color, as well as C org content and sediment fabric (Brett, Dick, and Baird, 1991) . Black mudstones have C org values ranging from 4 to 16 percent and comprise the Union Springs Formation and the unnamed member of the Oatka Creek Formation (the average C org value for the unnamed member is 7. 5 percent 2) contain Ͻ1 percent C org and are interbedded with dark gray mudstones throughout the Skaneateles Formation above the study interval. Because rocks in drill core lack the fissility that generally develops from the weathering of finely laminated mudrocks, use of the term "shale" is technically not appropriate. However, contrary to the expectation based on studies of other organic rich facies, the dark mudrocks of the Marcellus subgroup do not consistently display a fine, even lamination. In fact, lamination is only visible in cases where horizons of distinctive particles -such as calcareous bioclasts (styliolinids), quartz silt, or OM -define laminae ( fig. 2 ) and are not destroyed by bioturbation. Within the core of the interval of maximum organic enrichment there is negligible carbonate content but abundant quartz silt (up to 45 percent); however, neither hand samples nor thin sections show any trace of a laminated fabric. In addition to quartz silt, the black mudrocks contain common to abundant pyrite framboids ( fig. 3 ).
Biofacies
In this study, biofacies descriptions of the core consisted of continuous classification of ichnofabric level (see table 1, fig. 2 ), identification of ichnotaxa wherever possible, and identification of characteristic macrofossil taxa. Biofacies characterization allowed correlation to published descriptions of Marcellus subgroup assemblages from outcrops. In addition, observations of changes in dominant particle types through the study interval (as percent of the polished core face) provided an independent indicator of biogenic versus siliciclastic contributions ( fig. 2) .
In general, all carbonate beds contained evidence of diverse benthic assemblages (including crinoids, brachiopods, corals, bryozoans, and trilobites) and high levels of bioturbation ( fig. 2 ), including Planolites, Chondrites, and Zoophycos. Mudrock biofacies ranged from moderately diverse in dark gray mudstones down to a nearly complete lack of fossil material in some horizons of the maximum organic-rich black mudstones. The unnamed member of the Oatka Creek Formation mostly contained only rare, thin Leioryhncus fragments and very rare styliolinid fragments. Styliolinids are commonly interpreted as a pelagic heterotroph, and although they range throughout the study interval, abundance peaks occur in the Union Springs black mudstone, the Halihan Hill bed, and the Stafford Limestone Member (fig. 2 ).
The transition from the Onondaga fauna to the Hamilton Fauna, which represents a major turnover event separating intervals of faunal stasis in the Appalachian basin, occurs within the study interval (Brett and Baird, 1995) . The first appearance of Hamilton fauna occurs within the Halihan Hill bed, and this fauna persists with only minor changes for ϳ6 to 10 my, up to the Geneseo Shale (Brett and Baird, 1995) (fig.  1 ). The faunal turnover therefore corresponds to the deposition of black mudstones in the Union Springs Formation, bioclastic limestones of the Hurley Member-Cherry Valley Limestone, and/or dark gray to black mudstones of the Berne Member.
Geochemistry
Carbon.-Generalized trends for C org and CaCO 3 concentrations are described above in the lithofacies results. During deposition of the unnamed member of the Oatka Creek Formation (337-327 m), CaCO 3 wt percent is effectively zero (below detection by coulometry), with only occasional measurable quantities of less than 5 percent ( fig. 2 ). Based on thin section analysis, the carbonate fraction includes biogenic shell material and micritic carbonate. The shell material, comprised dominantly of styliolinids with minor contributions from Leioryhncus, is extremely thin and does not show discernible evidence of dissolution. In the lower portion of the unnamed member, at ϳ337 m, there is a marked increase in C org concentration to more than 17 percent, followed by a gradual upsection decline ( fig. 2 ). There is no visible change in lithology at the C org excursion. In fact, the magnitude of this C org change well exceeds the increase in C org observed in the transitions from bioturbated carbonate facies to organic-rich mud facies, so the change in C org cannot be attributed to varying CaCO 3 dilution. The central portion of the unnamed member is here defined as the zone of maximum organic enrichment (MOE) based on the first and last samples to record C org values of ϳ10 percent (essentially between 337 and 333 m depth in the core; see fig. 2 ).
Detrital indicators.-Below ϳ337 m depth in the core, the Si/Al ratio is relatively stable and low with values of about 2.5 ( fig. 4) . At 337 m, there is a marked increase to significantly higher values exceeding 4, followed by a gradual up-section decrease to values similar to those at the base of the section (ϳ2.5). The ratio K/(FeϩMg) reaches a maximum of Ͼ1 in the lower part of the section (Berne Member through lower unnamed member; up to ϳ337 m) ( fig. 4) . At 337 m, K/(FeϩMg) suddenly decreases to ϳ0.35, remains low for several meters, and then gradually increases in the upper part of the core until in the upper unnamed member it reaches levels almost as high as those in the Berne Member. Finally, at the same horizon (337 m), Ti/Al drops to some of the lowest measured levels for the entire Hamilton Group.
Redox indicators.-S py concentrations and Mo/Ti ratios show very similar trends ( fig. 5 ). Both are relatively low in the Cherry Valley Limestone and the Berne Member, which are carbonate-rich units. At approx 337 m, the base of the MOE in the unnamed member, both parameters increase significantly at a horizon with no visible change in lithology. Following this excursion, both parameters decrease gradually upsection to the overlying Stafford Member of the Skaneateles Formation where values are similar to those observed below the unnamed member. DOP values in the Oatka Creek Formation are high during deposition of the lower subunits (ϳ0.6-0.8) but increase to maximum values (ϳ1.0) during deposition of the middle unnamed member at the same horizon as the positive excursion in Mo/Ti and S py , that is, at the base of the MOE. The sulfur isotopic composition of pyrite, ␦ 34 S py , maintains a value of approx -5 to -15 permil below 337 m, decreases abruptly by 10 to 20 permil at the base of the MOE and remains at ϳ-30 permil throughout the upper portion of the section.
Indicators of biogeochemical cycling.-The C org /N org ratio (atomic) is ϳ10-15 in the lower units of the Oatka Creek Formation and increases sharply to nearly 50 in the black shale of the unnamed member at the base of the MOE (fig. 6 ). After peaking at nearly 50, the C org /N org ratio decreases gradually up section until values of ϳ10 are reached in the uppermost Oatka Creek Formation. The C org /P total ratio is more variable than the C org /N org ratio. In the lower units, C org /P total ranges from near 0 to more than 200 but does have a generally increasing trend upsection ( fig. 6 ). In the MOE, C org /P total reaches a maximum of almost 400 and then decreases very gradually to values of less than 100 in the overlying Skaneateles Formation. Concentrations of organic phosphorus are below detection throughout the unnamed member. ␦ 13 C org values in the Oatka Creek Formation are quite uniform throughout the section at ϳ-30 permil with variability of generally Ͻ0.5 permil. This uniformity in isotopic values occurs seemingly without regard for variations in lithology or other parameters. 
Primary Inputs and Dilution Effects
Most sedimentary deposits can be divided geochemically into three major components: (1) a biogenic component composed of OM, CaCO 3 , and silica derived from (Turekian and Wedepohl, 1961) and increased enrichment in Si relative to Al in MOE. that production was relatively uniform, that is, no significant changes in the rate of growth or availability of CO primary production; (2) a detrital component composed of siliciclastic grains derived from fluvial, eolian, and volcanogenic sources; and (3) an authigenic component composed of redox sensitive trace elements such as Mo, V, and Fe and diagenetically precipitated CaCO 3 and silica. Previous studies have determined that this threecomponent geochemical system is fairly representative of the major inputs to sedimentary systems (Chester and Aston, 1976; Arthur, 1987, 1998) . For example, Dean and Arthur (1998) grouped various elements into these three fundamental geochemical categories: (1) variations in Al, Ti, Na, K, Mg, Ce, Li, Nd, Sc, and Y are dominantly controlled by changes in detrital inputs; (2) variations in Ca, inorganic C (CaCO 3 ), and Sr are controlled by processes involved in the formation and modification of carbonate facies; and (3) variations in Mo, Cd, Cu, Ni, V, and Zn reflect changes in authigenic/diagenetic precipitation controlled mainly by redox state. Bulk C org levels typically correlate strongly with the redox elements, and Fe was found to correlate with both the detrital and redox groupings (Dean and Arthur, 1998) . It can be assumed that each of the three major components will dilute the other two to some degree. In an effort to assess the extent of mutual dilution, we examined cross plots of the major geochemical components ( fig. 7) . Strong negative correlations are observed between CaCO 3 and Al and Si ( fig. 7A ) and between C org and CaCO 3 ( fig.  7B ), as would be expected given the mutually exclusive depositional mechanisms; however, two trends of major interest are apparent in the plot of Al and Si versus CaCO 3 ( fig. 7A ). At the lowest concentrations of CaCO 3 (in the MOE) significant variations in the concentration of both Al and Si are observed, suggesting that factors beside CaCO 3 content are influencing the detrital geochemical signature of the deposit at times of minimum carbonate deposition. When Al and Si are plotted against the third primary geochemical parameter, C org ( fig. 7C) , we see that increases in C org from 0 to about 10 percent are accompanied by increasing Al and Si (although there is much scatter), but that samples with the highest values of C org (which also have the lowest concentrations of CaCO 3 ) show a distinct negative correlation with Al and Si. These data indicate that the dominant diluting component is CaCO 3 , which ranges from 0 percent to 80 percent of the total rock by mass. Thus, any weight percent data would be strongly affected by the relative percent of CaCO 3 , which could lead to flawed interpretations. Therefore, ratios of different geochemical parameters should be utilized to normalize for artifacts of dilution resulting from variations in the contributions of major components. More specifically, elemental enrichments and depletions relative to crustal (weathering) contributions are assessed by normalizing the data to detrital proxies such as Al, Ti, and (in the absence of biogenic inputs) Si. These ratios are independent of and thus not masked by temporal trends in the extent of CaCO 3 dilution, despite the low absolute concentrations relative to CaCO 3 .
Siliciclastic Deposition
The ratio K/(FeϩMg) has been proposed to delineate relative changes in detrital and volcanoclastic inputs in hemipelagic strata (Dean and Arthur, 1998) . Pratt (1984) showed in the Cretaceous Greenhorn Formation (Western Interior United States of America) that units with higher concentrations of detrital clastics were associated with higher concentrations of discrete illite and clay-sized quartz and thus have higher K concentrations. Conversely, the clay-sized fractions of units with lower concentrations of clastics were determined to have a higher concentration of mixed layer illite/ smectite derived from alteration of volcanic ash (Pratt, 1984) and therefore generally have a higher concentration of FeϩMg. In the Oatka Creek Formation, there is a significant upsection decrease in the K/(FeϩMg) ratio at the base of the MOE, which again is not associated with an obvious change in lithofacies (fig. 4) . If we assume that the background input of volcanic ash to the Devonian Appalachian Basin during deposition of the Oatka Creek Formation was relatively constant (and low, as there are no bentonites in the section), the appreciable decrease in K/(FeϩMg) suggests one of two things. Either the flux of detrital clastic sediment was significantly reduced relative to the background volcanogenic flux at approx 337 m, making this a highly condensed section, or there was a sudden increase in volcanic activity depositing ash in the basin. Based on the lack of evidence supporting an increase in volcanogenic ash at this time (Ver Straeten, Griffing, and Brett, 1994; Ver Straeten and Brett, 1995; Ver Straeten, 1996) , and the existence of other geochemical indicators suggesting increased condensation (such as the Si/Al ratio, see below) we interpret this proxy to indicate maximum condensation at the point of maximum organic carbon concentration (ϳ337 m).
It is possible, however, that changes in the ratio K/(FeϩMg) reflect multiple processes. For example, although sedimentary Fe accumulation is linked to detrital clays, it is also influenced by the in situ formation of iron sulfides such as pyrite, either in the sediments or, under euxinic conditions, in the water column. Thus, changing redox conditions can result in changes in Fe concentrations that are decoupled from variations in detrital or volcanogenic clay input (see details of syngenetic pyrite formation below). In the Oatka Creek Formation the sudden decrease in K/(FeϩMg) at 337 m is likely to be at least partially influenced by the onset of euxinic conditions, thereby increasing the deposition of Fe in the form of iron sulfides. In order to test the potential significance of pyrite formation on the K/(FeϩMg) ratio, we calculated the difference between total Fe and pyrite Fe and used the non-pyrite Fe value to determine the K/(FeϩMg) ratio. The differences between the curves for K/(FeϩMg) using the two different pools of iron are insignificant. More importantly, the differences are not well correlated to the interpreted onset of euxinic conditions in the depositional system according to our analysis of independent redox proxies (see below). Nonetheless, because of the potential for multiple Fe sources, we employed additional elemental proxies as supporting evidence of changes in detrital input.
In hemipelagic facies, the Si/Al ratio can provide useful information about detrital versus biogenic sedimentation (Dean and Arthur, 1998) . In general, Al in epicontinental mudrocks (like those of the Hamilton Group) is primarily associated with clays derived from fluvial or volcanogenic input (Arthur and others, 1985; Dean and Arthur, 1998) . These clays contain Si in proportions determined by their mineralogical composition. XRD analyses of selected discrete samples indicate no major changes in the suite of clay minerals within the mudrocks of the Oatka Creek Formation; therefore, changes in the Si/Al ratio are best interpreted to reflect changes in the Si flux that are independent of the fluvial supply. These changes in the Si flux could include additional biogenic Si associated with increased production of planktonic organisms such as radiolaria or diatom-like organisms (Schieber, Krinsley, and Riciputi, 2000) . Alternatively, under appropriate climatic conditions eolian processes will transport quartz silt to basinal depocenters (Lever and McCave, 1983) . If this is the case, a marked increase in the Si/Al ratio can reflect either a significant climatic shift (for example, to more arid conditions) or extreme condensation due to a decrease in the fluvial supply relative to a "constant" eolian background flux (which would be typical of basinal settings during transgressive to early highstand systems tracts).
In the Oatka Creek Formation, the Si/Al ratio remains between 2.5 and 3 throughout the lower units. At the onset of organic enrichment, however, it shows a clear increase to values of ϳ4, followed by a gradual return to the pre-MOE average ( fig. 4) . As implied above, we believe this trend reflects a decrease in the flux of Al to the basinal depositional system (relative to Si) concurrent with increased burial of OM. A cross-plot of Al versus Si supports this conclusion as samples from above and below the MOE define a clear linear trend (r 2 ϭ0.98, fig. 4 ), which most likely reflects the coupling of Si and Al via deposition of fluvially derived muds. Conversely, samples from the MOE lie above the line of correlation in figure 7, suggesting anomalous Si enrichment. Although we cannot rule out biogenic Si contributions, thin-section analysis suggests that the bulk of the signal is derived from an increase in silt content ( fig. 2 ). In the interval characterized by maximum C org values, quartz silt makes up as much as 40 percent of the mudrock. Under SEM, the silt grains appear angular to subangular with evidence of pitted surface texture, which is consistent with an eolian origin. In addition, the Si/Al ratio in the Oatka Creek Formation is consistently greater than that of the World Average Shale (0.9125, Turekian and Wedepohl, 1961) . Because the change in Si/Al corresponds so closely with the increase in C org , as well as other indicators of condensation (such as K/(FeϩMg), we conclude that the data are best explained by extreme condensation, a process that likely contributed to the enrichment of OM in the Oatka Creek Formation.
Carbonate Deposition
The Oatka Creek Formation is bracketed by limestone beds: the upper boundary by the base of the Stafford Member of the Skaneateles Formation and the lower by the Cherry Valley Limestone, which is the basal member of the Oatka Creek Formation. The other two lower sub-units of the Oatka Creek, the Berne Member (dark laminated shale) and the Halihan Hill Bed (burrowed calcareous mudstone), are also relatively carbonate-rich. The main sub-unit of the Oatka Creek (the unnamed member), however, is almost completely devoid of carbonate, except for small amounts in the lowermost portion. Two possible explanations exist for the absence of carbonate in this interval. Either the carbonate was never deposited due to exclusion of carbonate producing organisms from the basin and/or reduction of transported detrital carbonate sediment (from the west), or the carbonate was removed through diagenetic remobilization. Hand samples and thin sections show that the little carbonate that exists in the unnamed member is primarily associated with styliolinids. These fossils are extremely thin-shelled yet appear to be as well preserved as those in the overlying and underlying facies, which presumably were deposited under more oxygenated conditions (as indicated by the bioturbation index and macrofossil diversity) and are rich in CaCO 3 . Thus, there is no direct evidence for the diagenetic removal of carbonate.
The problem of the source of the carbonate (or lack thereof) in the Oatka Creek Formation is critical to understanding the processes that cut-off the supply during deposition of the unnamed member. Carbonate in the Oatka Creek Formation must derive from one, or a combination of three sources: (1) biogenic carbonate, primarily from planktonic organisms such as styliolinids, believed to be pelagic heterotrophs; Yochelson and Lindemann, (1986) ; (2) detrital carbonate mud brought in from nearby carbonate platforms (such as the Michigan Basin; Fisher and others, 1988; Gutschick and Sandberg, 1991a, b) ; or (3) authigenically precipitated carbonate. It appears from thin-section analysis that there are contributions from both primary inputs of the styliolinids that lived in the water column and detrital inputs from a carbonate platform environment developed on the Algonquin Arch to the west (Gutschick and Sandberg, 1991a, b) . Hinnov, Park, and Erba (2000) proposed a model for deposition of carbonate muds in the Jurassic of the western Tethys (Sogno Formation) that calls upon the redistribution of allodapic muds from shallow carbonate platforms to deep basins during periods of low sealevel. As there is a significant amount of carbonate mud in addition to the styliolinids in the limestones bounding the Oatka Creek Formation, it is possible that an analogous mechanism supplied fine-grained carbonate sediment to the western part of the Appalachian Basin during relative lowstands. Similarly, a correlation of lowstands with bioclastic carbonates accumulation was documented by Brett and Baird (1996) in the overlying Hamilton Group. We therefore propose the following hypothesis to explain both the decrease in allochthonous carbonate as well as the diminution of the styliolinid carbonate. A rapid rise in eustatic sealevel would cause a westward shift of the carbonate facies belt that occupied the western peripheral bulge and cratonic platform or drown it altogether, thus shutting down the supply of transported carbonate sediment from the west. If the relative change in sealevel had been a consequence of tectonism, one might predict uplift of the peripheral bulge and increased shedding of biogenic carbonate to the east.
The reduction but not elimination of styliolinids in the MOE zone of the Oatka Creek suggests ecological exclusion. With so little knowledge of their life habits, it is difficult to have confidence in an interpretation; however, given the evidence for sulfidic conditions in the water column (see below), it is possible that styliolinids were adapted, for at least some portion of their life cycle, to a part of the water column that became inhospitable. The very high concentration of C org through the interval with essentially no carbonate (MOE) indicates that faunal tracking (in other words, lateral migration of organisms to remain in ideal environmental conditions; Brett, Baird, and Miller, 1990 ) is a more plausible explanation than complete eradication of the planktonic community. The taxa that replaced, displaced, or simply succeeded styliolinids was comprised dominantly of non-calcifying organisms that were living in portions of the water column not affected by sulfidic conditions (the upper tens of meters).
Depositional Redox Conditions
Black shales of the Devonian Appalachian Basin have long been considered classic examples of stagnant, euxinic basin deposits -based in part on application of the Black Sea as an analog by Byers (1977) . Recent work, however, has shown that not all Devonian black shales were deposited under stagnant water-column conditions (Murphy and others, 2000a, b; Murphy, Sageman, and Hollander, 2000; Ingall, Bustin, and Van Cappellen, 1993) . Therefore, a goal of this geochemical investigation was to use redox-sensitive elements to determine whether the Oatka Creek Formation was indeed deposited within a stagnant, euxinic setting.
C org concentration is extremely variable, ranging from less than 0.5 percent in some of the limestone beds to more than 17 percent in the black shale facies (fig. 2) . Near the base of the unnamed member, the primary black shale facies in the Oatka Creek Formation, there is an excursion in C org content that is independent of any obvious lithologic change. Organic-carbon enrichment is often attributed to a combination of high primary production and enhanced preservation under anaerobic depositional conditions but can be affected significantly by other processes such as variations in detrital sedimentation rate (as summarized in Canfield, 1994) . In the Oatka Creek Formation, extreme condensation (as indicated by the siliciclastic proxies) may have contributed significantly to the elevated C org content.
The degree of pyritization (DOP) has been shown to be a reliable indicator of depositional redox conditions in some environments (Raiswell and others, 1988; Jones and Manning, 1994) . Values of 0 to 0.45 are considered typical of normal marine (oxygenated) conditions, a range of 0.45 to 0.75 reflects dysoxic to anoxic conditions, and values of 0.75 to 1.0 have been linked to euxinic conditions (Raiswell and others, 1988) . Uniformly high DOP values are typically interpreted to indicate deposition under euxinic conditions and suggest that nearly all of the available reactive Fe was utilized in the formation of pyrite (Raiswell and others, 1988; Canfield, Lyons, and Raiswell, 1996; Lyons, 1997) . In the Oatka Creek Formation, DOP values range from 0.6 to 1.0 ( fig. 5 ). In the lower units (below the MOE), values are typically 0.6 to 0.8, suggesting episodes of anoxia but dominantly non-sulfidic bottom-waters. At the base of the MOE in the unnamed member, DOP values increase to near 1.0 concomitant with the shift in C org content and generally decrease up section throughout the MOE to roughly pre-MOE values.
Traditional views of DOP invoke exposure time to hydrogen sulfide or depthdependent variations in the reactivity of the terrigenous Fe flux to explain intrabasinal trends across gradients in depositional redox and across a varying siliciclastic flux under persistent euxinic conditions. It has been shown, however, that DOP can vary by a factor of two across gradients in sedimentation rate beneath a euxinic water-colum (Lyons, 1997) . Recent results (Canfield, Lyons, and Raiswell, 1996; Lyons, 1997; Raiswell and Canfield, 1998; Lyons, Werne, and Hollander, 2002) suggest that Fe/Ti ratios and, correspondingly, DOP values can be driven upward by the scavenging of dissolved Fe in sulfidic water columns during syngenetic pyrite formation. Because the scavenged Fe is decoupled from the local terrigenous flux, sediments can become enriched in Fe when terrigenous accumulation is comparatively slow. Along these lines, a cross plot of total Fe versus total Ti suggests covariance between the two in sediments above and below the MOE but a decoupling between the two fluxes within the MOE, suggesting water-column pyrite formation that is at least partially independent of the local siliciclastic sedimentation.
In euxinic settings of more rapid terrigenous deposition, the gradual rainout of scavenged Fe is swamped by continental components, thus yielding Fe/Ti ratios more typical of oxic or anoxic-nonsulfidic deposition. Similarly, low to intermediate DOP values are observed, which can overlap with those of nonsulfidic settings where the pyrite formation is all diagenetic (within the sediments), and water-column enrichment of the reactive Fe reservoir is not a factor.
In the lower Oatka Creek Formation, DOP and Fe/Ti data ( fig. 5 ) suggest oxic or anoxic but not sulfidic conditions for sediments below the MOE. The rapid increase in both DOP and the Fe/Ti ratio at the base of the MOE and the decoupling between Fe and Ti delivery are consistent with an onset of sulfidic (euxinic) water-column conditions under a comparatively low siliciclastic flux (in other words, condensation). In the presence of syngenetic pyrite formation under euxinic conditions, however, DOP and Fe/Ti values can be more like those of oxic or anoxic-nonsulfidic depositional settings if the scavenged Fe reservoir is overwhelmed by the delivery of Fe coupled to the local siliciclastic flux (Lyons, Werne, and Hollander, 2002) . Thus, the up-core decrease in DOP and the Fe/Ti ratio observed in the MOE is consistent with a progressive increase in siliciclastic input above the most condensed horizon at the base of the MOE. This inferred "progressive" increase in siliciclastic input in the MOE is corroborated independently by corresponding decreases in the Si/Al ratio (as discussed above) and by dilution of the observed eolian quartz fraction linked to the Si/Al trends.
As a further test of the redox history of the Oatka Creek Formation, several redox sensitive trace elements were investigated (Mo, Ni, V, Cr, Cd, Cu, Zn) . Of these elements, molybdenum appears to be the most effective proxy for the recognition of euxinic depositional conditions. Mo has a very low concentration in seawater, ϳ10 ppb (Emerson and Huested, 1991) , but has been shown to be concentrated in sediments deposited under euxinic conditions (Emerson and Huested, 1991; Helz and others, 1996; Dean, Piper, and Peterson, 1999; Morford and Emerson, 1999) . Though the mechanism for Mo enrichment is debated, most consider that Mo is enriched either by inorganic precipitation in H 2 S-rich sediments under oxygen-deficient depositional conditions (Emerson and Huested, 1991; Crusius and others, 1996; Zheng and others, 2000; Adelso, Helz, and Miller, 2001) or by scavenging by OM depositing through a sulfidic water-column (Helz and others, 1996; see Lyons, Werne, and Hollander, 2002) . The latter mechanism, in particular, requires free H 2 S in the water-column for significant Mo enrichment. Piper (1994) suggested that the concentration of Mo in sediments is directly related to the duration of bottom-water sulfidic conditions, and bulk sedimentation rate is also a critical factor in determining the final concentration of Mo in sediments. Interestingly, a low sedimentation rate would not only reduce detrital dilution of Mo and other redox sensitive elements that are scavenged from the water-column but could also promote the continued accumulation of Mo in the sediments for a longer period of time because the sediments would remain in open contact with seawater. Although detrital sources of Mo are generally believed to be negligible, we have normalized Mo concentration to Ti concentration in order to address enrichment beyond crustal levels in the absence of potential diluting effects (in other words, we plot the ratio of Mo/Ti).
In the Oatka Creek Formation, Mo/Ti shifts abruptly from Ͻ150 to Ͼ1500 at the base of the MOE ( fig. 5 ), suggesting very rapid development of sulfidic conditions in the water column coupled with a decrease in detrital dilution (and a period of maximum open "communication" between bottom waters and pore waters). Mo/Ti gradually declines up section to significantly lower values toward the top of the MOE, eventually reaching a minimum value of Ͻ40 in the Stafford Member. This up section decrease-as with the Fe/Ti ratios, DOP values, and C org and S py concentrations-supports the hypothesis of progressively increasing clastic dilution above the condensed zone at the base of the MOE, which is also suggested by the detrital proxies. A cross plot of Mo versus C org suggests a strong coupling between Mo and C org during deposition of the MOE ( fig. 5 ), which may reflect scavenging of Mo by OM descending through a sulfidic water column (Helz and others, 1996; see Lyons, Werne, and Hollander, 2002) . The decoupling of C org and Mo in the overlying and underlying units reflects an absence of free sulfide in the water column.
Sulfur isotope systematics have been studied in modern euxinic environments such as the Black Sea (Lyons, 1997) . Lyons (1997) determined that pyrite formed in the sediments (diagenetic pyrite) has a more isotopically enriched signature than pyrite formed in the water column (syngenetic pyrite). This difference in ␦ 34 S py between diagenetic and syngenetic pyrite is attributed to formation in a restricted system (sediment pore waters) as opposed to an "open" system with a virtually limitless reservoir of available sulfide in the water column (Lyons 1997) . Based on these findings, more-enriched values of ␦ 34 S py would suggest diagenetically formed pyrite, and isotopically depleted pyrite values can be used to identify syngenetic pyrite and therefore euxinic depositional conditions. In the lower Oatka Creek Formation (Berne Member), pyrite sulfur isotope values are relatively enriched, with values near -10 permil, suggesting dominantly diagenetic pyrite formation in oxic or oxygendeficient but nonsulfidic settings ( fig. 5 ). At the base of the MOE, ␦ 34 S py values decrease abruptly to ϳ-24 permil and remain between -20 and -35 permil through the remainder of the unit. These comparatively uniform and depleted pyrite sulfur isotope values (relative to a ␦ 34 S value of ϳϩ21 permil for coeval seawater sulfate; Claypool and others, 1980) suggest pyrite formation under "open-system" conditions, such as would exist if pyrite formed in the water column in a euxinic depositional system (Lyons, 1997) . Therefore, up-section decreases in Fe/Ti and Mo/Ti ratios, DOP, C org , and S py in the MOE are interpreted to reflect increasing siliciclastic dilution under dominantly euxinic conditions.
Biogeochemical Cycling
Marine primary production is limited by the availability of nutrients, primarily N and P (Broecker and Peng, 1982) . Both N and P have been proposed to limit production on geological time scales (Falkowski, 1997; and Broeker and Peng, 1992, respectively) . However, a recent model by Tyrell (1999) suggests that P is the more significant limiting nutrient on geological time scales, whereas N is limiting on ecological time scales. It has long been known that marine plankton incorporate N and P into their biomass, along with carbon, in the approximate ratio of 106C:16N:1P (Redfield, Ketchum, and Richards, 1963) . Significant increases in the C:N or C:P ratios suggest either variations in OM source (such as marine versus terrestrially dominated OM reservoirs) or preferential release (remineralization) of N and/or P from the sediments to the water column. Although Anderson and Sarmiento (1994) suggested that there is no preferential regeneration of either N or P relative to C under normal marine (that is, oxic) conditions (other than effects associated with denitrification), it has been argued that N is preferentially released under oscillating redox conditions (Aller, 1994) and that P is preferentially released under anoxic conditions (Ingall and Jahnke, 1997; McManus and others, 1997; Anderson, Delaney, and Faul, 2001) . Upon release, water column mixing would make these nutrients available for biological utilization, thus increasing the potential delivery of OM to the sediments. Analysis of both N (organic) and P (organic and total), in conjunction with C org determinations, can therefore be used to assess patterns of biogeochemical recycling as they relate to temporal trends in primary production and depositional redox conditions (Ingall and Jahnke, 1997; Murphy and others, 2000) . Because remineralized P may be retained as inorganic phosphates in sediments, particularly in anaerobic sediments overlain by oxygenated bottom waters (Fillipelli, 1997) , variations in the C:P ratio in ancient sedimentary deposits should be based upon total P rather than only organic P (Fillipelli, 1997; Anderson, Delaney, and Faul, 2001) .
A recently proposed model for black shale deposition called upon many different factors for the inception, maintenance, and termination of black shale deposition in the Geneseo Formation of the Devonian Appalachian Basin (Murphy and others, 2000a,b) . The model invoked thermal stratification, rather than salinity-based density stratification, to produce benthic anoxia. Thermal stratification is likely to be a seasonal event and is therefore more plausible geologically than the "permanent pycnocline" of earlier models (Byers, 1977; Ettensohn 1992) , especially for a shallow epeiric sea such as the Devonian Appalachian Basin that is potentially mixed by storms on a regular basis. If seasonal thermal stratification is assumed, it is possible that events such as increasing primary productivity and the subsequent increase in the rain of OM to the sediments could increase the intensity and/or duration of seasonal to annual anoxia associated with thermal stratification, thereby leading to increased remineralization of N or P relative to C and initiating a positive feedback between bottom-water oxygen levels and nutrient recycling (Murphy and others, 2000a,b; Murphy, Sageman, and Hollander 2000) .
The integrated data set outlined in the above sections is consistent with euxinic conditions for deposition of the MOE. Nevertheless, the gradual increase in the C org /P total ratio ( fig. 6 ) in the lower units of the Oatka Creek Formation suggest an up-section increase in the preferential release of P relative to C that occurs under anoxic conditions (Ingall and Jahnke, 1997) . Therefore, this trend may reflect a gradual increase in the intensity and/or duration of anoxic periods induced by thermal stratification. In fact, there is no organic P preserved in the MOE, suggesting the ultimate establishment of dominantly anoxic conditions and that all of the P org was either released back into the water column or remineralized to P inorg . Additional support for the thermal stratification model rather than permanent anoxia, at least for the lower part of the Oatka Creek, is found in the C org /N org ratios ( fig. 6 ). Although the specific processes governing N remineralization are far from being fully understood, recent evidence suggests that N may be preferentially released relative to C during the oxic phase of oscillating oxic-anoxic conditions (Aller, 1994) . Thus, the increase in C org /N org ratio going up-section toward the base of the MOE suggests oscillating conditions between oxic and anoxic conditions as manifested in the noisy but generally increasing values of C org /P total . Within the MOE, C org /P total ratios are scattered but consistently high, and the C org /N org decreases up-section, which evokes the predominantly, but perhaps not permanently, euxinic conditions favored by complementary proxy data outlined above.
As mentioned above, variations in C/N/P ratios can be attributed to changes in the source of the OM as well as to preferential release of N and P relative to C. The stable carbon isotope composition of OM (␦ 13 C org ) can be utilized to constrain this ambiguity. ␦
13
C org values are affected by many parameters, including variations in OM type (such as terrestrial or marine), growth rate (Bidigare and others, 1997) , [CO 2 ] aq (Hollander and McKenzie, 1991; Laws and others, 1995) , phytoplankton cell geometry (Popp and others, 1998) , and OM source (Meyers, 1994) . ␦ 13 C values that are invariant through the section, such as those observed in the unnamed member of the Oatka Creek Formation ( fig. 6 ), argue against changes in the character of primary production as a cause for the observed variance in C org /P total and C org /N org relationships. We therefore argue that the variations in C/N/P ratios do indeed represent variations in nutrient regeneration as a function of depositional redox conditions and water column mixing.
summary and conclusions
The base of the Oatka Creek Formation has been interpreted as being deposited at a time of rapid global eustatic sealevel rise. As sealevel was rising, the depositional environment of the Oatka Creek Formation became increasingly removed from sources of detrital clastics and allodapic muds until at some point (such as the base of the MOE) effectively all the carbonate supply and nearly all detrital sediment were cut off, resulting in an extremely condensed zone. Throughout the period of gradual deepening below the MOE, the basin could have been seasonally anoxic (but likely not sulfidic), with occasional mixing from storm activity. During anoxic periods, P was released preferentially to C, and N was released during the oxic/anoxic oscillations, stimulating primary production in the surface waters. As a result of a combination of extreme sediment starvation (detrital and CaCO 3 ), deepening of the basin (relative sealevel rise), and increasing levels of nutrient regeneration through the positive feedback loop established (nutrient regeneration stimulates production, which increases the supply of OM, and thus increases anoxia and nutrient regeneration still further), the basin became euxinic at 337 m (the base of the MOE).
The onset of euxinic conditions increased the deposition of Mo and S py and increased nutrient regeneration to maximum levels, stimulating maximum rates of OM production. Eventually, as relative sealevel fell, the basin appears to have become euxinic and remained dominantly so through the MOE. Nevertheless, a corresponding increase in the siliciclastic flux progressively diluted the euxinic signal of high Fe/Ti and Mo/Ti ratios, elevated DOP values, and high concentrations of C org and S py , which are manifested most strongly in the condensed interval at the base of the MOE. Finally, as relative sealevel continued to fall, the depositional conditions in the basin may have returned to more "normal" (oxic) marine conditions with the return of carbonate mud deposition from the west by the time of deposition of the overlying Skaneateles Formation.
To summarize, based on the observed relationships among the lithofacies, biofacies, and geochemical proxies analyzed we conclude:
1. Carbonate was a major diluting factor in the basin, and concentrations of the redox-sensitive components were accentuated in the MOE by the absence of calcium carbonate. Carbonate deposition was probably restricted by the relative sealevel rise, which reduced the input of carbonate muds from the platform to the west and facilitated the onset of euxinic conditions, causing styliolinids to migrate to more hospitable conditions (possibly to the east). 2. The base of the MOE within the unnamed member of the Oatka Creek Formation was deposited as a highly condensed section, which is evident from the increase in the relative concentration of Si versus Al, the increase in eolian silt content, the enrichments in ratios such as Mo/Ti and Fe/Ti, and the high concentrations of C org and S py . Progressive increases in siliciclastic input through the MOE are recorded in decreases in these parameters, as well as decreasing Si/Al ratios and eolian quartz silt content. 3. Dominantly euxinic conditions were established at the condensed horizon, probably as a result of eustatic sealevel rise, although oxygen deficiencies (in the absence of free water-column hydrogen sulfide) likely occurred below the MOE. 4. Though euxinic conditions may have been initiated by a relative sealevel rise, the maintenance of euxinic conditions was probably a result of preferential release of P (relative to C) under anoxic conditions and N during the oxic phase of possible oxic/anoxic oscillations, which stimulated high levels of primary production in the surface waters.
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Appendix 1
Carbon data for Devonian Oatka Creek Formation
